Rad51 and Rad54 proteins play a key role in homologous recombination in eukaryotes. 
SUMMARY

Rad51 and Rad54 proteins play a key role in homologous recombination in eukaryotes.
Recently, we reported that Ca 2+ is required in vitro for human Rad51 protein to form an active nucleoprotein filament that is important for the search of homologous DNA and for DNA strand exchange, two critical steps of homologous recombination. Here we find that Ca 2+ is also required for hRad54 protein to effectively stimulate DNA strand exchange activity of hRad51 protein. This finding identifies Ca 2+ as a universal cofactor of DNA strand exchange promoted by mammalian homologous recombination proteins in vitro. We further investigated the hRad54-dependent stimulation of DNA strand exchange. The mechanism of stimulation appeared to include specific interaction of hRad54 protein with the hRad51 nucleoprotein filament. Our results show that hRad54
protein significantly stimulates homology-independent coaggregation of dsDNA with the filament, which represents an essential step of the search for homologous DNA. The results obtained indicate that hRad54 protein serves as a dsDNA gateway for the hRad51-ssDNA filament, promoting binding and an ATP hydrolysis-dependent translocation of dsDNA during the search for homologous sequences.
INTRODUCTION
Homologous recombination (HR) is critical for maintaining genome stability both in prokaryotes and eukaryotes (1, 2) . Its major function in the cell is to repair DNA double-stranded breaks (DSB), the most lethal type of DNA damage, and to promote correct segregation of homologous chromosomes during meiosis (3) . Malfunction of HR leads to genome instability causing genetic diseases in humans. The process of HR involves enzymatic processing of the broken dsDNA into resected DNA duplex with a protruding 3'-ssDNA 1 tail (4-7). Following resection, a homologous DNA pairing protein, Rad51/RecA, is loaded onto the ssDNA to form a contiguous helical nucleoprotein filament (8) (9) (10) . The filament searches for an intact homologous dsDNA template, then pairs with it to commence the exchange of DNA strands between homologous partners (11) . The DNA joint molecule formed as a result of strand exchange can be used to prime DNA synthesis on a homologous DNA template, restoring the structure of the damaged DNA.
In Saccharomyces cerevisiae, in addition to Rad51 protein, several other proteins, members of the Rad52 epistasis group, are important for DNA double-strand break repair by homologous recombination (12, 13) . Among them Rad54 protein plays an especially important role both in vivo and in vitro (12) . Rad54 protein belongs to the Swi2/Snf2 class of DNA binding proteins which participate in the remodeling (assembly/disassembly) of chromatin complexes (14, 15) . Like most members of the Swi2/Snf2 class, Rad54 protein, both yeast and human, possesses dsDNA-dependent ATPase activity (16, 17) . Chromatin-remodeling activity was demonstrated for yeast and Drosophila Rad54 protein (18) (19) (20) . Rad54 protein topologically modifies DNA structure, introducing transient positive and negative supercoils into covalently closed circular DNA (21, 22) . In vitro, yeast Rad54 protein strongly stimulates the DNA strand exchange activity of yRad51 protein (16, 22) . The interaction between yRad51 and yRad54 proteins appears to be synergistic; reciprocally, the yRad51-ssDNA filament enhances dsDNA-dependent ATP hydrolysis, dsDNA unwinding (23, 24) , and chromatin remodeling promoted by yRad54 protein (19) . Also, it was found that yRad54 protein forms a specific and stoichiometric co-complex with the yRad51-ssDNA filament and significantly stabilizes it (23, 25, 26) . In addition, it was reported that yRad54 protein stimulates DNA branch migration mediated by yRad51 protein and facilitates the removal of yRad51 protein from the DNA heteroduplex-product (27, 28) .
The biochemical activities of human Rad54 protein, including its dsDNAdependent ATPase and dsDNA-unwinding and interactions with hRad51 protein have been discovered and characterized previously (17, 21, 29, 30) . However, studies on the functions of hRad54 protein in DNA strand exchange promoted by hRad51 protein have only started to emerge (31) . The reason for this lag is that the reaction conditions which support the activities of both hRad51 and hRad54 proteins have not been readily identified. Recently, we discovered that in the presence of Mg 2+ , a traditional in vitro cofactor, hRad51 protein behaves as a self-inactivating ATPase; by hydrolyzing ATP the hRad51-ATP-ssDNA filament rapidly converts into an inactive hRad51-ADP-ssDNA form (32 (34) (35) (36) (37) (38) (39) (40) . High activities of both hRad51 and hRad54 proteins in the presence of Ca 2+ allowed us to study the interactions between these two key human HR proteins in detail and to clarify the function of hRad54 protein in DNA strand exchange.
EXPERIMENTAL PROCEDURES
Proteins and DNA -Yeast Rad54 and Rad51 proteins, human Dmc1, Rad51 and RPA proteins were purified as described (41) (42) (43) (44) . All oligonucleotides used in this study (Table 1) were synthesized using phosphoroamidite chemistry and were purified by denaturing 6-10% PAGE. The concentrations of the oligonucleotides were measured spectrophotometrically (1 A 260 unit of ssDNA = 33 µg/ml). dsDNA oligonucleotides were prepared as described (45) and stored at -20 °C. Oligonucleotides were labeled using [γ-32 P] ATP and T4 polynucleotide kinase (26) . Supercoiled pUC19 dsDNA was purified using alkaline lysis method followed by CsCl-ethidium bromide equilibrium centrifugation (45) . Linear 2686 bp blunt-ended dsDNA fragment was prepared by cleavage of pUC19 dsDNA with SmaI restriction endonuclease. A mixture of 1373 bp
and 1313 bp blunt-ended dsDNA fragments was produced by digestion of pUC19 dsDNA with ScaI and AflIII restriction endonucleases. A 679 bp blunt-ended dsDNA fragment was produced by cleavage of pUC19 scDNA with AluI restriction endonuclease and purified by 6% non-denaturing PAGE (45) . All restriction endonucleases were from New England Biolabs. After cleavage DNA fragments were deproteinized by phenol extraction. All DNA concentrations are expressed as molar in nucleotide.
Purification of hRad54 protein -A GST-tagged version of hRad54 protein was expressed using Baculovirus Expression System (Clontech). Sf21 cells (density 1x10 6 ) were infected with the recombinant baculoviruses at MOI of 5 and after 48 h of incubation were collected by centrifugation (1500 × g) and washed twice with ice-cold PBS (pH 7. 4), containing 140 mM NaCl, 2. for 15 min at 30°C, followed by addition of yRad54 or hRad54 (200 nM). Joint molecule formation was initiated by addition of supercoiled pUC19 dsDNA (130 µM) and was carried out at 30 °C. The products were analyzed as described above.
Assay for coaggregation of DNA -This assay measures homology-independent
conjunction of the hRad51-ssDNA filaments with dsDNA in complexes that sediment at more than 10, 000 S (2 min at 15,000 x g) (47). hRad51 protein was incubated with ssDNA in buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM ATP, 100 µg/ml BSA, 1 mM DTT, 20 mM KCl (added with the protein stocks), NaCl (in the indicated concentrations), 0.9 mM MgCl 2 , CaCl 2 (in the indicated concentrations) and ATP regenerating system (30 units/ml creatine phosphokinase and 20 mM phosphocreatine) for 15 min at 37°C.
When required, the indicated amounts of hRad54 protein were added to the filaments.
Coaggregation was initiated by addition of 32 P-labeled pUC19 dsDNA, linearized by
BamHI restriction endonuclease, and carried out for 5 min at 37 °C. Aliquots (10 µl)
were withdrawn from the reaction mixture and coaggregates were collected by centrifugation in 0.5-ml Eppendorf tubes at 15,000 × g for 5 min at 21 °C. The yield of coaggregates was determined using a radioactive counter (Beckman LS 6500).
Residual retention of the radioactive DNA on the tube walls, approximately 2 -3%, was subtracted from the measurements. Here we determined the stoichiometric requirements for hRad54 and hRad51 proteins in this reaction.
RESULTS
We found that at relatively low hRad51-ssDNA filament concentrations (0.1 µM of hRad51 and 0.3 µM ssDNA, nt) the maximal yield of joint molecules was observed at hRad54 protein concentrations nearly stoichiometric to hRad51 protein: 1 hRad54
protein monomer per 1.5 hRad51 protein monomers (Fig. 5, squares) . With increasing hRad51-ssDNA concentration, more hRad54 protein was required for maximal D-loop formation, consistent with the formation of stoichiometric hRad54-hRad51-ssDNA complexes. However, this increase was not strictly proportional to the increase in the hRad51-ssDNA concentrations; the stoichiometric ratio of hRad54 to hRad51 protein was decreasing to approximately 1:2 and to 1:3 with a 2-fold and 4-fold increase in hRad51-ssDNA filament concentrations, respectively (Fig. 5 , triangles and circles).
These results could not be affected by depletion of ATP; even at the highest hRad54
protein concentration the ATP regeneration system maintained ATP concentration mM NaCl, addition of hRad54 protein to the filament caused the increase in the yield of dsDNA coaggregates from approximately 10% to 70% (Fig. 7A, squares and circles) . In addition, the coaggregates formed by the hRad51-ssDNA filament alone were very sensitive to NaCl; at NaCl concentration 70 mM and higher no such coaggregates were observed. In the absence of the hRad51-ssDNA filament, hRad54 protein formed complexes with dsDNA, which were precipitated by low-speed centrifugation; however hRad54-dsDNA complexes were more sensitive to NaCl than the coaggregates ( Fig 7A,   diamonds) ; approximately 65 mM and 125 mM NaCl was required for the half-inhibition of formation of hRad54-dsDNA complexes and coaggregates, respectively. Thus, interactions of hRad54 protein with the hRad51-ssDNA filament significantly stimulated formation of coaggregates with heterologous dsDNA. (Fig. 7C) . These data indicate that incorporation of dsDNA into coaggregates was caused primarily by binding of dsDNA to hRad54 protein that was a part of a hRad54-hRad51-ssDNA co-complex.
We wanted to test whether the observed dsDNA stoichiometry and salt-sensitivity of coaggregates correlates with that of dsDNA binding by hRad54 protein. In order to obtain an independent measure of the dsDNA binding stoichiometry of hRad54 protein and salt-sensitivity of the Rad54-dsDNA nucleoprotein complexes we used the ATPase assay, because the ATPase activity of hRad54 protein is strictly dependent on dsDNA binding (17) . The dsDNA titration of hRad54 protein yielded the apparent binding stoichiometry of approximately 32 bp of dsDNA per hRad54 protein monomer in the presence of the hRad51-ssDNA filament (Fig 8A, squares) and slightly smaller stoichiometry, 27 bp, in the absence of the filament (Fig. 8A, circles) . Thus, the value of the dsDNA binding stoichiometry of hRad54 protein obtained in the coaggregation assay was almost identical to that obtained in the ATPase assay. We also found that salt-sensitivity of coaggregates, both in the presence and in the absence of the hRad51-ssDNA filament, closely parallels that of the dsDNA-dependent ATPase activity of hRad54 protein (compare Fig. 7A and Fig. 8B ). In both cases, the half-inhibition was observed at approximately 70 mM and 130 mM of NaCl for hRad54 protein alone or in the presence of hRad51-ssDNA filament, respectively. Moreover, we found that joint molecule formation promoted by the hRad51-ssDNA filament in the presence of hRad54 protein shows similar salt-sensitivity; the half-inhibition was observed at approximately 130 mM NaCl (Fig. 8C) , indicating an essential role of coaggregation in joint-molecule formation.
Thus, dsDNA coaggregation by hRad54-Rad51-ssDNA complexes shows distinct stoichiometry in respect to hRad54 protein. Also, the stoichiometry and salt-resistance of coaggregation closely parallel these characteristics of dsDNA binding by hRad54
protein, determined in an ATPase assay. Thus, hRad54 protein likely plays a predominant role in dsDNA binding by a Rad54-Rad51-ssDNA co-complex during the search for homology, which is represented by coaggregation. Reciprocally, the hRad51-ssDNA filament increased the salt-resistance of both dsDNA coaggregation by hRad54-hRad51-ssDNA co-complex and the ATPase activity of hRad54 protein.
Coaggregation and joint molecule formation show similar pattern of sensitivity to
ssDNA-challenger -We found that with the increase in Ca 2+ concentration the yield of joint molecule formation promoted by the hRad51-ssDNA filament was significantly increased (Fig. 3A) . The efficiency of coaggregation promoted by the hRad51-ssDNA also increases from 10% to 40% with the increase in Ca 2+ from 0.5 mM to 2mM (compare Fig. 9A , circles, at 0 µM ssDNA with Fig. 7A , circles, at the lowest salt concentration), consistent with the important role of coaggregation in DNA strand exchange. We analyzed the properties of these coaggregates and compared them with those of coaggregates formed by hRad54-hRad51-ssDNA co-complex.
We found that coaggregates formed by the hRad51-ssDNA filaments were extremely sensitive to ssDNA-challenger (Fig. 9A, circles) . In contrast, coaggregates formed with dsDNA by hRad54-Rad51-ssDNA nucleoprotein complexes showed significantly higher resistance to ssDNA-challenger (Fig. 9A, squares) . The sensitivity of hRad54-dsDNA complexes to ssDNA-challenge was intermediate (Fig. 9A, diamonds) .
If coaggregates are indeed essential intermediates of the homology search process, one might expect that joint molecule formation shows the same pattern of inhibition by ssDNA as coaggregates. Indeed, the results demonstrate that joint molecules formed by the hRad51-ssDNA filament showed much higher sensitivity for ssDNA than those formed by hRad54-hRad51-ssDNA complex (Fig. 9B ). The inhibition of joint molecule formed by hRad54-hRad51-ssDNA complex showed a biphasic profile, similar to that of coaggregation (Fig. 9C ).
These results provide additional evidence that hRad54 protein similarly affects dsDNA coaggregation by the hRad51-ssDNA filament and joint molecule formation, rendering both these processes more resistant to ssDNA challenger.
The hRad51-ssDNA filament increases the processivity of DNA translocation by hRad54 protein -The results reported in the previous section demonstrate that hRad54
protein is involved in coaggregation, which represents dsDNA binding by the filament during homology search process. Previously, it was suggested that human and yeast Rad54 proteins can translocate along the DNA (24, 29) . If ATP hydrolysis is coupled to the translocation, it is expected that the ATPase activity of hRad54 protein would show a dependence on dsDNA length: the larger DNA fragments, the longer the protein translocates along the DNA hydrolyzing ATP until it reaches the DNA end and enters into a new cycle of dissociates/association (52). Here we examined whether the ATP activity of hRad54 protein shows such dsDNA length-dependence and whether the hRad51-ssDNA filament has any effect on this dependence.
Using a spectrophotometric assay, we found that under optimal conditions for joint molecule formation (i.e., in the presence of Ca 2+ ) hRad54 protein shows dsDNA length-dependence of ATP hydrolysis, both in the absence or presence of the filament ( Fig. 10A and 10B ). However, in the presence of the hRad51-ssDNA filament the dsDNA length-dependence profile of the hRad54 protein ATPase activity has been significantly changed. While in the absence of the filament the maximum of the ATP hydrolysis rate was reached with a 135 bp dsDNA fragment, in the presence of the filament the rate was rising up to a 679 bp dsDNA fragment; and to a smaller degree up to a 1300 bp dsDNA fragment. In addition, similar to yeast Rad54 protein (23, 24 ) the ATP hydrolysis rate of hRad54 protein was increased in the presence of the hRad51-ssDNA filament, approximately two-fold (Fig. 10B , see also Fig. 8A ). This enhancement of the hRad54 protein ATPase activity was specific for the hRad51 nucleoprotein filament; hDmc1-ssDNA complexes did not stimulate ATP hydrolysis of hRad54 protein under tested conditions (data not shown), indicating that specific interactions between hRad51 and hRad54 proteins were required for the stimulation.
Thus, the hRad51-ssDNA nucleoprotein filament not only increases the ATP hydrolysis rate of hRad54 protein, but it also changes the pattern of dsDNA lengthdependence of the hRad54 protein ATPase, consistent with a higher processivity of hRad54 protein translocation along the DNA.
DISCUSSION
Previously, we found that Ca 2+ is required for formation of an active hRad51-ssDNA filament (32) . Our current results demonstrate that Ca 2+ is also required for the efficient stimulation of DNA strand exchange activity of hRad51 protein by hRad54
protein. This stimulation was especially significant because it was observed with GCrich DNA substrates (54% of GC bases) that are less favorable for DNA strand exchange than AT-rich substrates that were typically used in the previous studies. This finding demonstrated importance of Ca 2+ as a general cofactor for key human proteins of homologous recombination, hRad51 and hRad54.
The stimulation by hRad54 protein was specific for joint molecule formation promoted by the hRad51-ssDNA nucleoprotein filament. This result together with the previously published data that hRad54 protein physically interacts with hRad51 protein (30, 31) indicates that hRad54 protein likely forms a co-complex with the hRad51-ssDNA filament, similar to a co-complex that yeast Rad54 protein forms with the yRad51-ssDNA filament (26).
Our results are consistent with the stabilizing effect of hRad54 protein on the hRad51 filament. While joint molecule formation by the hRad51-ssDNA nucleoprotein filament was strongly inhibited by hRPA, a known competitor for ssDNA binding with hRad51 protein, hRad54 protein abolished this inhibition likely by forming a co-complex with the hRad51-ssDNA filament and increasing its stability. Moreover in the presence of hRad54 protein, hRPA stimulated joint molecule formation. Previously, the stimulatory effect of RPA was attributed to its ability to disrupt ssDNA secondary structures facilitating the Rad51-ssDNA filament formation and to sequester the displaced ssDNA strand, thereby preventing a reversal of DNA strand exchange (49).
The observation that with the increase in the hRad51-ssDNA filament concentration smaller relative to hRad51 protein amounts of hRad54 protein were required for the maximal joint molecule formation was also consistent with the stabilizing effect of hRad54 protein on the hRad51-ssDNA filament. In our view, more stable hRad51-ssDNA nucleoprotein filaments, formed at higher hRad51 protein concentrations, required relatively smaller amounts of hRad54 protein.
Similar to yeast Rad54 protein, the ATPase activity of hRad54 protein is essential for stimulation of joint molecule formation, since no stimulation was observed with the ATPase-deficient mutant of hRad54 protein, hRad54 K189R. Moreover, we found a correlation between partial inhibition of the ATPase activity, e.g., by relatively high Ca Reciprocally, the hRad51-ssDNA filament has a strong effect on interactions of hRad54 protein with dsDNA. Our results show that in the presence of the filament the salt resistance of both dsDNA-dependent ATPase activity and homology-independent dsDNA coaggregation increases. This result was surprising because complexes of the hRad51-ssDNA filament with dsDNA showed significantly lower salt resistance than hRad54-dsDNA complexes. On the other hand, we find no significant effect of the filament on either the apparent size site of hRad54 protein or K m DNA , indicating that the filament does not significantly affect the affinity of hRad54 protein for dsDNA. Therefore, it is likely that dsDNA dissociation from hRad54 protein was decreased in the presence of the filament. Previous biochemical and electron microscopy data indicated that yeast and human Rad54 proteins can track along the dsDNA (18, 29) . It is known for other dsDNA translocating proteins, DNA helicases and chromatin remodeling SWI/SNF proteins, that their ATPase activity shows a dsDNA length-dependence (53,54). The
ATPase activity of these proteins increases with the increase of dsDNA length, because DNA translocating enzymes remain longer associated with longer dsDNA fragments than with short ones. Here we demonstrate that the ATPase activity of hRad54 protein also increases with the increase of dsDNA length, indicating, in accord with the previous data, that hRad54 protein translocates along the DNA. We further found that the hRad51-ssDNA filament changes significantly the profile of dsDNA length-dependence of the hRad54 protein ATPase activity. In the presence of the filament the optimal dsDNA length increases from 135 bp to 679 bp, indicating an increase in processivity of dsDNA translocation (53). Although the mechanism of this processivity increase is unknown at this moment, we can suggest that the filament can provide additional interactions with dsDNA, which decrease the dissociation rate of dsDNA from hRad54 protein, and thereby increase the processivity of its translocation. The components of the filament involved in these interactions with dsDNA can be either multiple hRad54
protein molecules bound to the filament or hRad51 protein monomers.
The ability of hRad54 protein to promote translocation dsDNA seems to be unique among HR proteins. Such dsDNA translocating activity has never been reported for the RecA/hRad51 family of proteins. Correspondingly, it was shown that the search for homology promoted by RecA protein involves collision rather than extensive sliding of dsDNA (55). Our results indicate that hRad54 protein may drastically change the mechanism of homology search by promoting ATPase-dependent translocation of dsDNA along the filament. Experiments were repeated three times with S.E. not exceeding 10%. 
